measurement of protease activity in living cells or organisms remains a challenging task. We here present a transgeneencoded biosensor that reports the proteolytic activity of caspase-1 in the course of inflammasome activation and that of other proteases in a highly sensitive and specific manner. this protease reporter is based on the biological activity of a pro-interleukin (il)-1b-Gaussia luciferase (iGluc) fusion construct, in which pro-il-1b-dependent formation of protein aggregates renders Gluc enzyme inactive. cleavage leads to monomerization of this biosensor protein, resulting in a strong gain in luciferase activity. exchange of the canonical caspase-1 cleavage site in this reporter construct allows the generation of protease biosensors with additional specificities. the high sensitivity, signal-to-background ratio and specificity of the iGluc system renders it a useful tool to study proteolytic events in mouse and human cells at high throughput and to monitor protease activity in mice in vivo.
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Inflammasomes are large multiprotein signaling platforms that form in the cytoplasm upon sensing microbe or damageassociated molecular patterns 1 . Several NLR (NOD-like receptor) proteins (such as NLRP3) and the PYHIN (pyrin and HIN domain-containing) protein family member AIM2 (absent in melanoma 2) have been shown to function as initiators of inflammasome activation 2 . Via their shared adaptor protein-ASC, or apoptosis-associated speck-like protein containing a caspase activation and recruitment domain (CARD)-they recruit the cysteine protease caspase-1, which is in turn activated by proximityinduced dimerization leading to its autocatalytic cleavage into two heterodimer-forming subunits. One of the main targets of active caspase-1 is IL-1β, a highly pro-inflammatory cytokine that is expressed mainly by cells of the myeloid lineage. Upon being expressed, IL-1β is initially present as a cytoplasmic precursor polypeptide (pro-IL-1β) that requires maturation by proteolytic cleavage 3 . Active caspase-1 processes human IL-1β at two cleavage sites to generate the active, mature C-terminal, 153-residue cytokine (152 amino acids for mouse IL-1β). Upon maturation, IL-1β is released via a still poorly defined mechanism into the extracellular space, where it can bind to its receptor to exert its pro-inflammatory activity.
NLRP3 was initially identified in a series of heritable sterile fever syndromes, now commonly referred to as autoinflammatory diseases 4, 5 . Here gain-of-function mutations in the NLRP3 gene are the basis for the spontaneous activation of this inflammasome cascade. At the same time, it has become clear that liganddependent NLRP3 activation is operational not only in infectious but also in sterile inflammatory conditions. In this latter context, it is noteworthy that in many lifestyle-related diseases, such as gout 6 , atherosclerosis 7 , type 2 diabetes 8 and Alzheimer's disease 9 , engagement of the NLRP3-ASC-caspase-1-IL-1β axis has been shown to contribute to disease progression.
IL-1β release measured with ELISA-based techniques is commonly used as an indirect readout to study inflammasome activation. However, this technique is unable to distinguish mature IL-1β from unprocessed IL-1β, which can be released upon cell stress as well. In addition, a pro-inflammatory priming signal is required to induce IL-1β expression. The same priming signal, however, also strongly modulates the activity of the NLRP3 inflammasome itself, which makes it difficult to interpret IL-1β ELISA data when investigating NLRP3 inflammasome activation [10] [11] [12] . For these reasons, the gold-standard technique for the assessment of inflammasome activation has so far been the analysis of direct caspase-1 cleavage using western blotting, even though this method is inherently time consuming and suitable only for low-throughput analysis.
Here we report a novel tool to monitor proteolytic cleavage events on the basis of the unique functionality of a pro-IL-1β-GLuc fusion protein: iGLuc. The iGLuc reporter system allows the monitoring of cytosolic proteolytic cleavage events with not only high sensitivity and specificity but also an extraordinarily high signal-to-background ratio (SBR). Moreover, its ease of use and its applicability as a transgene in cell-based assays make it an attractive tool to study cytoplasmic cleavage events at high throughput. Although initially developed to study caspase-1 activation in the course of inflammasome activation, the iGLuc reporter system can also be applied to other proteases such as caspase-3 or the nuclear inclusion a (NIa) protease from tobacco etch virus (TEV). Its functionality as a gain-of-function reporter makes the iGLuc system particularly attractive to study proteolytic events that also affect cell viability, such as caspase activation. results cleavage of iGluc is required for luciferase activity To study the activity of caspase-1, we generated a fusion construct of pro-IL-1β and GLuc (iGLuc). We expected that this fusion construct could be used to assess IL-1β secretion using luciferase activity in the supernatants as a readout. To achieve this, we fused the open reading frame of murine pro-IL-1β to GLuc lacking its N-terminal secretion signal ( Fig. 1a and Supplementary  Fig. 1a) . Unexpectedly, upon transient expression in HEK 293T cells, we could not detect a significant luciferase signal in the cell lysate or cell supernatant, despite the fact that the iGLuc fusion construct was strongly expressed (Fig. 1a) without displaying toxicity (Supplementary Fig. 1b) . In contrast, an EGFP-GLuc fusion construct generated in a similar fashion led to a high luminescence signal, both in the cell lysate and the cell supernatant, and its expression level was comparable to the that of the iGLuc construct ( Fig. 1a and Supplementary Fig. 1c) . Notably, when we coexpressed caspase-1 with iGLuc, which led to the cleavage of the iGLuc construct, we observed a robust increase in luciferase activity in cell lysates (Fig. 1b) . Further experiments revealed that luciferase activity closely correlated with the cleavage of the construct, with an SBR of 571-fold (Fig. 1c) . We next reconstituted an inflammasome pathway in 293T cells by stepwise introduction of components of the AIM2 inflammasome cascade. First, we expressed limiting amounts of caspase-1 that did not trigger iGLuc cleavage by themselves in conjunction with increasing amounts of ASC (Fig. 1d) . Here we observed a strong, dose-dependent increase in iGLuc cleavage and luciferase activity, which indicated that we could mimic an ASC-dependent activation of npg caspase-1 activation using this assay. Next we expressed caspase-1 and ASC at limiting conditions and titrated increasing amounts of the inflammasome receptor AIM2 (Fig. 1e) . Again, a robust gain in luciferase signal closely correlating with cleavage of the iGLuc construct was seen. This technique could also be applied to other ASC-activating inflammasome sensors such as NLRP3, with a disease-associated mutant of NLRP3 (R262W) 13 showing higher luciferase activity, as expected ( Supplementary Fig. 2 ). Together, these results indicated that GLuc activity was almost completely suppressed when GLuc was fused to pro-IL-1β and that caspase-1-mediated cleavage relieved this suppression, leading to a robust gain in luciferase signal with high SBR.
iGluc reports inflammasome activation in macrophages
We next tested the applicability of the iGLuc reporter system for studying inflammasome activation in cells that are inherently functional for this pathway (Fig. 2) . Therefore, we transduced immortalized mouse macrophages (MΦs) with lentivirus expressing the iGLuc reporter construct and generated various clones from these cells, in which iGLuc expression was in the same range as endogenous IL-1β ( Supplementary Fig. 3 ). iGLuc MΦs challenged with increasing amounts of the NLRP3 inflammasome stimulus nigericin revealed a similarly high SBR as observed for 293T cells (Fig. 2b) . iGLuc MΦs challenged with prototypical inflammasome stimuli showed a close correlation of luciferase activity with both the processing of the reporter construct and the activation of endogenous caspase-1 (Fig. 2c) . In contrast to 293T cells, iGLuc-expressing MΦs secreted the processed, active reporter construct alongside cleaved endogenous IL-1β into the supernatant, and iGLuc activity could be conveniently monitored in the supernatant without lysing the cells ( Supplementary Fig. 4 ). Overexpression of iGLuc did not affect the responsiveness of these MΦs toward other stimuli and did not perturb the activity of the inflammasome pathway in these cells (Supplementary Figs. 5 and 6 and Supplementary Note 1). To assess the specificity of this system, we next transduced NLRC4-and NLRP3-deficient MΦs using the iGLuc construct and tested the response elicited by these MΦs when exposed to various inflammasome stimuli. As expected, NLRC4-deficient MΦs showed no luciferase activity upon Salmonella enterica infection, whereas NLRP3-deficient MΦs were unresponsive to the specific NLRP3 activator nigericin (Fig. 2d,e) . Listeria monocytogenes-infected NLRP3-deficient iGLuc MΦs showed only a partial reduction in luciferase activity, which is in concordance with the fact that Listeria are sensed in a both AIM2-and NLRP3-dependent fashion 14 . Again, a close correlation between caspase-1 activation, luciferase signal and cleavage of the iGLuc construct was observed in MΦs. Furthermore, loss-of-function experiments in iGLuc reporter MΦs using siRNA or small-molecule inhibitors recapitulated known signaling cascades, indicating that this system is broadly applicable to perturbation assays aimed at studying inflammasome activation (Supplementary Fig. 7 ). Analogous results were obtained when we used mouse primary bone marrow-derived MΦs or dendritic cells, or when we used the human monocytic cell line THP1 (Supplementary Figs. 8 and 9 ). Together these results indicate that the iGLuc reporter system is well suited for studying caspase-1 activation in myeloid cells without affecting the cells' physiology.
the iGluc scaffold is applicable to other proteases
To further explore the applicability of this protease reporter to other proteases, we exchanged the second caspase-1 cleavage site in pro-IL-1β for DEVD↓G, a well-known caspase-3 cleavage site (Fig. 3a) 15, 16 . Transient expression of this reporter construct (herein named iGLuc(C3)) in conjunction with increasing amounts of caspase-3 led to a high increase in luciferase activity 
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Cleaved iGLuc (SN) npg (Fig. 3b) . Moreover, 293T cells stably expressing the iGLuc(C3) construct responded to apoptosis-inducing compounds such as staurosporine (Fig. 3b) or cycloheximide (Supplementary Fig. 10 ) with a high increase in luciferase signal. Notably, specificity of the individual caspase-1 or caspase-3 iGLuc reporter constructs toward their respective caspases was retained ( Supplementary  Fig. 11 ). The specificity of the iGLuc(C3) reporter was further addressed in MΦs lacking caspase-1. The NLRP3 stimulus nigericin did not activate caspase-3 in the absence of caspase-1, whereas staurosporine and cycloheximide induced activation of caspase-3 independently of caspase-1 (Fig. 3c) . In line with these findings, wild-type MΦs stably expressing the iGLuc(C3) reporter showed increased luciferase activity when stimulated with either one of these compounds; yet, in the absence of caspase-1, nigericin was inactive (Fig. 3d) . In comparison to established caspase-3 reporter systems (for example, luminometric or fluorometric tetrapeptide substrates), the iGLuc(C3) reporter construct showed higher sensitivity and also far superior SBRs when applied within a cell-based caspase-3 activation assay ( Supplementary  Fig. 12 ). Of note, the applicability of this system was not restricted to caspase-mediated cleavage events. Introducing the recognition site of the NIa protease from TEV (ENLYFQ↓G), we could observe a similar gain in luciferase signal upon cleavage of the reporter construct (iGLuc(TEV)) (Fig. 3e,f) .
structural requirements of the iGluc reporter
Other C-terminal tags such as EGFP or firefly luciferase showed neither discernable difference in biological activity when fused to pro-IL-1β nor a gain in function when cotransfected with caspase-1 (Supplementary Fig. 13 ). However, when we used luciferase derived from Metridia longa, which is closely related to GLuc in sequence 17 , the resulting reporter behaved similarly to iGLuc (Supplementary Note 2 and Supplementary Fig. 14) . Pro-IL-1β has two well-confirmed caspase-1 cleavage sites (site I, Asp27↓Gly28, and site II, Asp117↓Val118, in the murine system) that are processed in a sequential manner. A truncated version of pro-IL-1β lacking the N-terminal part up to the first cleavage site displayed 17-fold higher luciferase activity compared to the full-length protein (Fig. 4a) . In addition, shortening of the N-terminal portion of pro-IL-1β even further led to an increase in baseline luciferase activity in the absence of caspase-1 activity. Indeed, a construct lacking the entire pro-domain (∆1-117-iGLuc) showed maximal luciferase activity within the range of iGLuc processed by caspase-1 (Fig. 4a) . Similar results were obtained when we truncated the C-terminal domain of the protein (Supplementary Fig. 15a) , indicating that the presence of both the full pro-domain and the C-terminal 17-kDa part was critically required for the inhibition of GLuc activity in this protein configuration. Notably, an increase in the length of the peptide linker between pro-IL-1β and GLuc also resulted in a loss of the inhibitory activity (Supplementary Fig. 15b ), suggesting that pro-IL-1β exerted a steric hindrance on its C-terminal GLuc tag that required a critical distance between the two proteins.
Functionality of the iGluc reporter system ex vivo
To address whether the iGLuc construct required the presence of accessory proteins in the cytoplasm or certain subcellular compartments to unfold its activity upon cleavage, we next studied the activity of purified iGLuc, iGLuc(TEV) or ∆1-117-iGLuc in the presence or absence of caspase-1 or TEV protease ex vivo. Both purified iGLuc and iGLuc(TEV) showed no luciferase activity in the absence of protease-mediated cleavage, whereas the N-terminally truncated version showed high activity per se with no further enhancement upon caspase-1 or TEV protease addition (Fig. 4b-d) . However, a strong gain of function in GLuc activity was seen for both iGLuc or iGLuc(TEV) when we added recombinant caspase-1 or TEV protease, respectively. This gain in activity was specific for the respective protease and paralleled by cleavage of the constructs (Fig. 4e) . Together, these results indicated that cleavage-mediated activation of the iGLuc construct could be observed under cell-free conditions and that the gain of function in luciferase signal could be attributed to a special functionality of the fusion protein itself.
monomerization is required for iGluc activity
We observed that the pro-form of iGLuc showed a strong propensity to form aggregates under nondenaturing conditions (data not shown), so we subjected purified iGLuc constructs to size-exclusion chromatography. Here we observed that the unprocessed iGLuc construct did not emerge as a monomeric protein but rather eluted in aggregates with no specific size preference. As expected, no substantial luciferase activity could be detected in the fractions in which aggregates eluted (Fig. 5a) . However, when we expressed iGLuc under conditions that led to its caspase-1-mediated cleavage, a clearly discernable protein peak could be observed at about 40 kDa, corresponding to the predicted size of the cleaved monomeric iGLuc construct (Fig. 5b) . Moreover, a strong luciferase signal could be detected in the corresponding elution fractions. When we expressed a truncated version of iGLuc lacking the prodomain, a similar picture was seen. The majority of the protein eluted as a putative monomer, and luciferase activity was confined to this fraction (Fig. 5c) . Analogous results were obtained when we studied iGLuc and also endogenous IL-1β in mouse MΦ cell lines. As observed for 293T cells, in cell lysates of unstimulated MΦs, iGLuc and IL-1β emerged as broad peaks indicative of large protein aggregates having formed. However, upon NLRP3 stimulation, monomeric iGLuc or IL-1β peaks could be detected in the macrophage supernatants, with luciferase activity and the iGLuc protein peak displaying a complete overlap ( Supplementary  Fig. 16 ). On the other hand, subjecting EGFP-GLuc to size-exclusion chromatography mainly revealed a monomeric protein peak, with GLuc activity strictly confined to the monomeric protein fraction (Supplementary Fig. 17a) . Together, these data implied that aggregation of the iGLuc construct was responsible for the observed lack in luciferase activity and that its processing resulted in monomerization and, thus, activity.
To corroborate this hypothesis, we generated fusion constructs in which GLuc was linked to protein domains that are known to induce aggregation upon overexpression 18 . We chose the pyrin domain of AIM2 (PYD(Aim2)) and the CARD domain of caspase-1 (CARD(Casp1)), and we used EGFP and the precleaved version of IL-1β (∆1-117) as non-aggregating controls. Fluorescently tagged versions of these constructs showed a strong propensity to form large cytoplasmic aggregates when expressed at high concentrations ( Fig. 5d and Supplementary Fig. 18 ). 
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When we transfected increasing amounts of GLuc-tagged versions of these constructs, a dose-dependent and linear increase in protein expression could be seen for all constructs studied (Fig. 5e) . However, although luciferase activity dose-dependently increased for all constructs at low expression levels (<25 ng per transfection), both CARD(Casp1)-GLuc and PYD(Aim2)-GLuc luciferase activity reached plateau levels at higher concentrations (Fig. 5f ). EGFP-GLuc or ∆1-117-iGLuc, on the other hand, displayed a close linear correlation between luciferase activity and expression level (Fig. 5f) . Comparing these constructs, we saw ~17-fold lower luciferase activity for the aggregation-prone GLuc constructs at high expression (Fig. 5g) . Studies of purified PYD(Aim2)-GLuc using size-exclusion chromatography corroborated these findings, showing that only a minor fraction was indeed monomeric protein and that luciferase activity was largely confined to this protein fraction (Supplementary Fig. 17b ). Overall, these results confirmed that protein aggregates hinder luciferase activity of the C-terminally tethered GLuc tag.
studying caspase-1 activation using iGluc in vivo Finally, we wanted to assess the applicability of the iGLuc reporter system for studying inflammasome activation in vivo. We chose to study caspase-1 activation in response to intraperitoneal Listeria infection, which constitutes a potent trigger of the NLRP3 and AIM2 inflammasomes. Wild-type iGLuc-expressing macrophage cell lines were transferred intraperitoneally into mice and infected 18 h later with Listeria via the same route. Subsequently, luminescence was monitored ex vivo and assessed in serum samples of mock-treated and infected animals 3-24 h after treatment. In addition, IL-1β protein levels were assessed in serum samples using ELISA (Fig. 6a) . Mice infected with Listeria displayed a strong luciferase signal in the peritoneal cavity, reaching an up to 21-fold increase in luminescence signal (Fig. 6b,c) . In addition, in the serum of infected mice, we could observe an increase in luciferase activity that correlated with the production of IL-1β (Fig. 6d,e) . Together, these results indicated that the iGLuc construct could be used as a biosensor to study caspase-1 activation in vivo. were expressed in 293T cells, purified and subsequently subjected to SEC. Eluted fractions were then quantified for iGLuc levels using an IL-1β ELISA that detects the C-terminal part of IL-1β (yellow graphs); luciferase activity was assessed in parallel (green graphs). To allow for comparison, each data set was normalized to total protein amount (area under the curve). npg discussion Caspase-1 activity can be studied in vitro using purified enzymes and substrates; as such, various established protease activityreporter systems are in principle suitable for studying caspase-1 activation. Nonetheless, these assays are usually unable to reliably distinguish different caspase activities in complex milieus such as cell lysates or live cells. However, such milieus are required to study functional inflammasome cascades that operate in a liganddependent manner (Supplementary Note 3) . In the course of the work reported here, we tested several approaches to develop a cell-based, transgenic reporter system that would be amenable to studying inflammasome activation. Initially, we adapted previously published caspase-3 biosensors using the consensus cleavage site of caspase-1 (for example, loss of a FRET signal 19 or complementation of a locked, cyclic luciferase 20 ). However, none of these systems worked as a caspase-1 reporter, even though caspase-3 activity could be monitored (data not shown). We hypothesize that this was due to the fact that substrate requirements for caspase-1 cleavage are more difficult to mimic in vivo, a notion that is well in line with discrepancies of consensus cleavage sites found with peptide mimetics or cell-based experiments 21 .
A possible explanation could be that interactions of caspase-1 with its substrate distant from the recognition site are important determinants for cleavage activity in an in vivo setting. At the same time, it is possible that the IL-1β scaffold provides a unique presentation and also conformation of the respective cleavage site that are particularly favorable for caspase accessibility 22 . On the basis of various independent experimental approaches, we suggest the following model of action for the iGLuc system: because of its pro-domain, full-length pro-IL-1β-GLuc has a strong propensity to form protein aggregates. In fact, gel-shift experiments suggest that only a negligible fraction of pro-IL-1β-GLuc protein is present in its monomeric state under native conditions. Aggregation, however, inhibits GLuc in its luciferase activity, and thus no signal is obtained even though the protein is expressed at high amounts. In the presence of caspase-1, the pro-IL-1β scaffold is cleaved, leading to the release of the C-terminal part of iGLuc. This event leads to the monomerization of the protein and thus a gain in functionality of the GLuc tag. This unique functionality is also seen with GLuc homologs of the copepod luciferase family, yet not with other distantly related luciferases. The exact nature of the pro-IL-1β-GLuc protein aggregates is currently unknown, but our data suggest that the iGLuc complex formation reconstitutes the physiological situation of pro-IL-1β and does not represent an overexpression artifact. In this context it is also important to note that transient or stable iGLuc reporter expression does not affect cell viability and does not alter the physiology of the cell. Immortalized or primary myeloid cells expressing the iGLuc construct still respond normally to innate immune stimuli, most importantly to inflammasome activators.
The iGLuc reporter system constitutes a versatile and simple tool to study proteolytic events in cell-based assays and in vivo. Its unique functionality as a specific and sensitive caspase-1 reporter and its ease of use will allow the study of inflammasome activation at high throughput, which has not been achieved by any other method so far. This could contribute invaluably to our understanding of inflammasome activation itself as well as benefiting clinical drug development for the treatment of inflammasome-related illnesses. methods Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper. 
